Sweet sorghum is a bioenergy crop that produces high amount of ethanol per hectare even under semi-arid conditions, serving as an alternative to sugarcane inter-season in Brazil. The aim of this study was to evaluate the influence of planting density on the physiological quality of sweet sorghum seeds. Two sweet sorghum cultivars (BRS 506 and SF-15) were submitted to a spacing of 50, 60, 70 and 80 cm between rows, and 8, 12 and 16 cm between plants. The experimental design was of randomised blocks with four replications in a 2 x 4 x 3 factorial scheme, comprising two cultivars, four row spacings and three spacings between plants. The following were evaluated from the collected panicles: seed quantity, 100 seed weight, water content, germination, first germination count and speed of germination, accelerated ageing, and seedling vigour. It was found that both the cultivar and the arrangement of plants in the field affect the physiological quality of sweet sorghum seeds. The BRS 506 cultivar is recommended for seed production under semi-arid conditions, at a spacing of 16 cm between plants and 80 cm between rows, and a density of 78,125 plants per hectare.
Introduction
In view of the global concern with obtaining a renewable source of fuel through clean processes, that would reduce dependence on oil, the cultivation of sweet sorghum (Sorghum bicolor (L.) Moench) is gaining worldwide importance for its potential in the production of ethanol. With biofuels, there is a greater balance between the production and consumption of CO 2 in nature, through a reduction in air pollutants produced by cars. Biofuels are therefore one of the main alternatives in reducing the consumption of nonrenewable sources (Cunha and Severo-Filho, 2010) .
Sweet sorghum has several advantages as an alternative in the production of ethanol. Noteworthy among these are the short production cycle, on average 90 to130 days, and the high sugar content; the crop is undemanding as to soil fertility, resistant to water stress, and can be used in the sugarcane off-season, a period when the industries are generally non-productive. Furthermore, the residue from sorghum processing can be used as a second-generation energy source and for animal feed (Souza et al., 2005; Fontes et al., 2011; Queiroz et al., 2013) .
Sweet sorghum (Sorghum bicolor (L.) Moench) is a promising crop for the semi-arid region due to its resistance to drought and ability to withstand adverse factors, and may therefore be a source of opportunity for the local population by the application of micro-distilleries, which would favour its cultivation in family farming and help to keep people in the field, and increase their source of income by the production of ethanol or other products such as brandy (Ribeiro Filho et al., 2008) .
In the production of ethanol, studies into the productivity of sweet sorghum aim to ensure greater efficiency in the use of soil, nutrients and radiation, from a reduction in crop spacing. Fischer-Filho et al. (2014) , working with three hybrids of sweet sorghum (Advanta 81981, Monsanto 80007 XBSW and Monsanto 80147 XBSW) at spacings of 45 and 90 cm, observed that at the smaller spacing, with the same number of plants per metre, the height and diameter of the plants were altered, with plants grown at the larger spacing reaching both greater height and a larger diameter. Fernandes et al. (2014) , using the BRS 506 variety and testing five inter-row spacings: four single rows at 50, 60, 70 and 80 cm, and one double row, 100 x 50 x 50 cm, in both the harvest season and the off-season, found a significant difference between spacings for the off-season; the authors found that plant height decreased linearly with increases in the spacing between single rows, showing that an increase of 30 cm in row spacing resulted in plants which were 11.4 cm smaller.
Another relevant factor in relation to productivity is seed vigour, which is one of the main attributes of physiological quality to be considered in planting a crop, when it is necessary to have knowledge of the physiological quality of the seeds. The use of high vigour seeds is justified in all crops to ensure suitable plant populations over a wide range of environmental field conditions, which would then offer ideal agronomic characteristics for, in this case, the production of ethanol. However, information on the effects of plant arrangement on the physiological quality of produced seed is still scarce for this crop .
In view of the potential of the species for the semi-arid region, and the lack of studies that contribute to the good performance of the crop in the region, the aim of the present study was to evaluate the physiological quality of seeds of two cultivars of sweet sorghum under different planting densities.
Results and Discussion

General comparison between the cultivars
The cultivars displayed significant differences (p<0.05) by non-parametric Kruscal-Wallis test for all the characteristics under study (Table 1 ). The BRS 506 cultivar was statistically superior for all studied parameters when compared to the SF-15 cultivar.
This result can be attributed to the fact of the BRS 506 cultivar having a cycle of 110 days, reaching the point of physiological maturity and making better use of the available resources to complete its final stage. Whereas the SF-15 cultivar had a cycle of 130 days, with the seed thereby remaining attached longer to the mother plant in the field and being subjected to high temperatures, which may possibly have caused a fall in physiological quality (Table 6 ). According to Evangelista et al. (2015) , environmental variations such as relative humidity, temperature and even the action of pathogens, become important causes of loss of physiological potential in seeds between physiological maturity and the time the seed is harvested.
Production of panicles and seeds
A difference was found in panicle weight for cultivar and plant spacing (Table 1 ). The BRS 506 cultivar had a greater weight (59.27 g) compared to the SF-15 cultivar (50.00 g). However, Pinto et al. (2011) , working with the EA 955 cultivar, found a value of 55.28 g for the characteristic in question, a lower result compared to that obtained with BRS 506. The plant spacing of 16 cm gave better performance in relation to the other spacings, with a result of 60.62 g. Panicle weight is important, as it is connected to yield, being a criterion for the choice of material to be used for seed production.
There were differences between cultivars in relation to the variable 100 seed weight. The BRS 506 cultivar proved to be statistically superior, with 2.04 g, compared to SF-15 with 1.34 g (Table 1 ). According to Carvalho and Nakagawa (2012) , this aspect is crucial in the study of seeds, because seeds of greater size and density generally have embryos with high amounts of reserves, and which are healthy and wellformed, giving rise to plants of greater vigour.
There was no significant difference for inter-row spacing (p≤0.05) in any of the characteristics being evaluated, showing that these characteristics were not influenced by the spacings used between rows to obtain seeds in the field (Table 1) . On the other hand, for the spacing between plants, there was a significant difference (p≤0.05) for the characteristic panicle weight, where 16 cm gave the best result, with an average of 60.62 g, being superior to the other plant spacings for this characteristic. Such a result can be attributed to the greater amount of light captured by the plant being used to facilitate the process of photosynthesis and grain filling. Alvarez et al., (2006) working with maize, noted the opposite, with an increase in density from 55,000 seeds h -1 to 78,125 seeds h -1 , i.e. a smaller spacing between plants resulted in an increase in grain production, irrespective of the spacing adopted.
Seed physiology quality and seedling establishment
It can be seen in Table 1 , that germination of BRS 506 (91%) seeds were greater than SF-15 cultivar (80%). This result can be attributed to interference from intrinsic or environmental factors that possibly affected seed germination. An important aspect of germination in cultivars is that seed quality is only one of the factors for ensuring good productivity, and that in addition, there are other factors that may be directly involved, such as environmental factors, among them water availability, temperature, luminosity and soil fertility. Ullmann et al. (2015) , working in the Cerrado region, also found high values for germination percentage when analysing the BRS 506 cultivar, achieving averages of 94%.
In Table 1 , it can also be seen that the BRS 506 cultivar presented statistically superior results for shoot length, at 12.09 cm, compared to SF-15 at 10.73 cm. This result can be attributed to seed vigour, where higher values for the average length of normal seedlings from seed samples are evaluated as more vigorous (Toledo et al., 2007) .
In relation to the values for dry matter in both the roots and shoots, the BRS 506 cultivar was seen to be statistically superior, with values of 0.0038 g and 0.0071 g respectively, while the SF-15 cultivar achieved results of 0.0030 g for root dry matter and 0.0056 g for shoot dry matter (Table 1) . Carvalho and Nakagawa (2012) state that seed vigour is related to the accumulation of dry matter, and follows this accumulation in the same proportion, displaying maximum vigour when the maximum dry matter weight is reached. Table 2 shows a summary of the analysis of variance for characteristics that displayed significant values. For the characteristic water content, plant spacing, the interaction of cultivar x plant spacing, and the triple interaction cultivar x row spacing x plant spacing were significant. For the characteristic number of seeds per panicle, only row spacing was significant. With the germination speed index, significance was seen for cultivar, the interaction cultivar x row spacing and the triple interaction cultivar x row spacing x plant spacing. Whereas with first germination count, significance was seen for cultivar, plant spacing, the interaction row spacing x plant spacing, and the triple interaction (Table 2) .
Root length was significant only for the interaction cultivar x plant spacing. Accelerated ageing had significant values for cultivar, the interaction cultivar x plant spacing, and the interaction row spacing x plant spacing.
Seed water content
In Table 3 , there was no difference in water content of the two cultivars at spacings of 50 and 60 cm, but as the interrow spacing increased to 70 cm, there was a significant increase for the SF-15 genotype, followed by a decrease at the next spacing of 80 cm from 11.6% to 7.9%.
The BRS 506 cultivar displayed 8.8% and 9.6% at a spacing of 50 and 70 cm between rows respectively, this variation is like those seen by Martins et al. (2014) , working with BRS 506 at different spacings, who also found values for seed water content with little variation between treatments, ranging from 15.4% to 16.5% at a spacing of 50 and 70 cm between rows, the same as adopted in this study. 
Fig 1.
Number of seeds per panicle (A), germination speed index (B) and first percentage of germination in first count at 4 days after sown (C) of sweet sorghum seeds from two cultivars produced in semi-arid region using different spacing between rows. * and ** -significant by F-test at 5% and 1% probability. SV: source of variation; DF: degree of freedom; MS: mean square; CV: coefficient of variation; ns, *, ** respectively: not significant, significant at 5% and at 1% probability by F-test for the analysis of variance (ANOVA). Probably because the storage conditions were similar, there was no significant variation between cultivars. The reduction in water content seen for the SF-15 cultivar at the spacing of 80 cm can be attributed to the fact that it spent more time in the field under high temperatures and at a larger spacing, which may have resulted in a greater loss of water. According to Ferreira et al. (2013) , water content directly affects seed quality: the greater the water content of the seed when harvested, the greater the probability of mechanical damage, making it necessary to give great attention to this stage of production.
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Regression analysis
It can be seen in Figure 1A that the number of seeds per panicle displayed linear behaviour for the regression model. It was found that as the spacing between rows increased, there was also an increase in the number of seeds per panicle. The lowest value found for the number of seeds was at the spacing of 50 cm between rows, with 184 seeds; the highest value was at 80 cm, with 232 seeds per panicle. It can have been seen that a larger spacing between rows therefore favours greater seed production. These results agree with those reported by Santos et al. (2002) , working with two cultivars of upland rice at different spacings, where it was found that at the largest inter-row spacing, a greater number of grains were obtained per panicle.
It is therefore likely that greater efficiency in the capture of photosynthetically active radiation was obtained at the largest plant spacing, contributing to better development and therefore to the process of seed formation. Among the cultivars under study, the potential for seed production would have been much greater if there had been no predation by birds during the field experiment.
A higher germination speed index is seen for the BRS 506 cultivar at most of the spacings adopted (Table 3 ). The SF-15 genotype had a lower germination speed index at the spacing of 50 cm between rows, which is the lowest value seen in the data, with 9.21 seedlings germinated per day. Figure 1B shows the behaviour of the two cultivars in relation to the germination speed index (GSI) for row spacing. The BRS 506 cultivar had a lower index at a spacing of 63.44 cm, with the value of 10.72 calculated by regression (Fig 1B) , whereas the highest value was found at 80 cm with a GSI of 11.71. The SF-15 cultivar achieved lower results for GSI compared to the values for BRS 506. The lowest value found was at the spacing of 50 cm with a GSI of 9.42, while the highest value was at 65.83 cm, with a GSI of 10.47 ( Fig  1A and Table 3 ). The germination speed index is important in the study of seeds, being a part of the tests to evaluate vigour which are aimed at determining the physiological potential of a seed lot and detecting significant differences, besides providing additional information necessary to evaluate seed production (Marcos Filho, 2005) .
From the data for first germination count (FC), there was only a difference at the spacing of 8 cm between plants in relation to the SF-15 genotype, which had a count below that of BRS 506, with a value of 57.6% (Table 4) . This result can be attributed to the cultivar not having developed well at the smaller spacing due to the lower availability of resources; the plants were more densely packed, and probably entered into competition for such environmental factors as water, light and nutrients. The first count is also a part of the tests to evaluate vigour, required for seeds; it reflects the expression of a set of characteristics that determine the potential for rapid and uniform seedling emergence (Marcos Filho, 2005) .
There was no significant difference for the other spacings between plants.
According to Figure 1C , the plant spacing of 8 cm had a minimum value of 54.8% for first count at a row spacing of 69.19 cm, whereas the maximum value obtained for first count was 62.6% at the spacing of 50 cm between rows. The other spacings between plants did not fit any of the proposed models. Values for the two cultivars under evaluation differed from values found by Vazquez et al., (2011) , who worked with different batches of the BRS 610 cultivar and obtained far higher values for first count that ranged from 87% to 100%. This result can be attributed to the authors having worked with a single F1 generation hybrid while the present work was developed using F2 generation seeds.
The values for root length can be found in Table 4 . Note that only the SF-15 cultivar showed a significant difference at the spacing of 6 cm between plants. In places with irregular rainfall distribution, as in the semi-arid region, root length is one of the characteristics that help the plant to maintain itself in the environment; more-developed roots afford the plant a larger supply of water, and the deeper soil layers help plant survival under drought conditions.
Seed vigour
In Table 5 can be found the values for the accelerated ageing test, it should be noted that after the test between the two sweet sorghum genotypes the results for normal seedlings ranged from 68.74% to 82.78%. This differed from results obtained by Oliveira et al. (2014) , where it was not possible to see any effect from sowing density or row spacing on the production of turnip seeds, noting that after the accelerated ageing test the percentage of normal seedlings varied from 87% to 94%. Miranda et al., (2001) , working with different batches of sorghum seed from the Zeneca 822 cultivar at the same exposure time and temperature adopted in the experiment (96 hours at 41°C), found variations in germination from 83% to 92% between batches.
The results of the accelerated ageing test present values with significant differences only for the spacing of 80 cm between rows, with a value of 68.7% (Table 5 ). According to Miranda et al. (2001) , the accelerated ageing test is complementary to the germination test, as it is in the latter test that the seeds are subjected to similar factors to those found in the field, considered adverse environmental factors which consider the high levels of relative humidity and temperature that contribute to a higher rate of seed deterioration.
Note the behaviour of both cultivars for the accelerated ageing test in relation to the breakdown of plant spacing within each level of row spacing (Table 5) . At the spacing of 16 cm between plants, a value of 71.8% germination is seen for seeds obtained at the spacing of 50 cm between rows, and 81% germination at the spacing of 80 cm between rows.
Materials and Methods
Location and edaphoclimatic conditions
The experiment was carried out from March to July 2015 under rainfed conditions, at the Vale do Curu Experimental Farm of the Federal University of Ceará -UFC, in Pentecoste, CE, at UTM coordinates 462620 E, 9577349 S, and an altitude of 48 m, in a Luvisol of a sandy loam texture. The local climate according to the Köppen classification (Alvares et al., 2014) , is of type BSw'h, the region belonging to the semi-arid group of climates. Meteorological data for the period of the experiment are presented in Table 1 .
Plant materials
The cultivars used were BRS 506, acquired from the Corn and Sorghum unit of the Brazilian Company for Agricultural Research -EMBRAPA in the city of Sete Lagoas in Minas Gerais, and SF-15, from the Agronomic Institute of Pernambuco -IPA. For the two cultivars under study , spacings between rows of 50, 60, 70 and 80 cm, and between plants of 8, 12 and 16 cm, were analysed, resulting in different plant populations per hectare.
Experimental design and conduction
Soil preparation was by ploughing followed by harrowing. The experiment was conducted in a randomised block design with four replications, in a 2 x 4 x 3 factorial scheme, comprising two cultivars, four spacings between rows and three spacings between plants, for a total area of 1,248 m², with four blocks of 312 m² and lots that varied from 10 to 16 m² according to the treatment. Each lot consisted of four rows of five metres, the two central rows making up the usable area of the lot.
According to soil the analysis (Table 2 ) of the experimental area and the recommendations of Durães et al. (2012) , base fertilisation was carried out with 30, 50 and 45 kg ha -1 N, P 2 O 5 and K 2 O respectively; the sources for each nutrient were the mineral fertilisers urea, single superphosphate and potassium chloride. At 20 days after sowing, cover fertilisation was carried out using 140 and 45 kg ha -1 N and K 2 O respectively.
Traits measured
Three panicles were collected from each usable area at 110 days after sowing (DAS) for the BRS 506 cultivar, and at 130 DAS for the SF-15 cultivar. The panicles were taken to the Seed Analysis Laboratory (UFC), where the panicles were weighed, and the seeds extracted and counted. The following analyses were then performed: number of seeds per panicle; 100 seed weight (Santos et al., 2008) ; water content, using four replications of 30 seeds and employing the oven method (105 ± 2°C for 24 hours); germination test, determined as a percentage of normal seedlings in four replications of 50 seeds per treatment (Brasil, 2009) ; first germination count, at four days after setting up the germination test; germination speed index (Maguire, 1962) ; accelerated ageing test, using 50 seeds for each of the four replications of each treatment (Vazquez et al., 2011; Oliveira et al., 2012) ; and seedling evaluation at ten days after setting up the germination test. For this last evaluation, 20 seedlings were removed at random to measure shoot and root length, and determine dry matter weight (Marcos Filho, 1994; Oliveira et al., 2011) .
Statistical analysis
The data were subjected to tests of normality and homogeneity of variance, and when these assumptions were met, an analysis of variance (ANOVA) was carried out, followed by Tukey's test (5%) for the variety and spacing between plants, and polynomial regression for the spacing between rows. When the data did not meet at least one of the assumptions of ANOVA, they were submitted to the nonparametric Kruscal-Wallis test (5%). The variables WC (%), GSI, FC and AA were analysed using data transformed by the Box-Cox system.
The statistical analyses were performed with the aid of the following software: Action 2.7 (ESTATCAMP, 2014) for the Box-Cox transformation and Bartlett test (test of variance); Assistat 7.7 beta (Silva and Azevedo, 2016) for the normality and Kruscal-Wallis tests; and Sisvar 5.3 Build 77 (Ferreira, 2011) for the ANOVA using Tukey's test or regression.
Conclusions
Sweet sorghum cv. BRS 506 is well adapted to grow in semiarid region. Besides that, we observed that plant arrangement influences the physiological quality of sweet sorghum seeds. Therefore, to produce sweet sorghum seeds of this cultivar we recommend the spacing of 16 cm between plants and 80 cm between rows, at a density of 78,125 plants per hectare.
